In the Enterobacteriaceae, the outer membrane is primarily comprised of lipopolysaccharides. The lipopolysaccharide molecule is important in mediating interactions between the bacterium and its environment and those regions of the molecule extending further away from the cell surface show a higher amount of structural diversity. The hydrophobic lipid A is highly conserved, due to its important role in the structural integrity of the outer membrane. Attached to the lipid A region is the core oligosaccharide. The inner core oligosaccharide (lipid A proximal) backbone is also well conserved. However, non-stoichiometric substitutions of the basic inner core structure lead to structural variation and microheterogeneity. These include the addition of negatively charged groups (phosphate or galacturonic acid), ethanolamine derivatives, and glycose residues (Kdo, rhamnose, galactose, glucosamine, N-acetylglucosamine, heptose, Ko). The genetics and biosynthesis of these substitutions is beginning to be elucidated. Modification of heptose residues with negatively charged molecules (such as phosphate in Escherichia coli and Salmonella and galacturonic acid in Klebsiella pneumoniae) has been shown to be involved in maintaining membrane stability. However, the biological role(s) of the remaining substitutions is unknown.
INTRODUCTION
Lipopolysaccharide (LPS) is a major virulence determinant in Gram-negative bacteria. 1 Its surface exposure makes it important in interactions between the bacterium and its environment and its structural features are involved in maintaining the selective permeability barrier function of the outer membrane (OM). The LPS molecule found in members of the Enterobacteriaceae can be subdivided into 3 regions: (a) lipid A, the hydrophobic membrane anchor; (b) a core oligosaccharide (core OS); and (c) a polymer of glycosyl (repeat) units known as O polysaccharide (O-PS).
The core OS region can be further subdivided on the basis of structural features into two regions, the inner and outer core (Fig. 1) . The backbone structure of the inner core region is generally well conserved in the Enterobacteriaceae, likely reflecting its crucial role in the essential barrier function of the OM. It contains 3deoxy-D-manno-oct-2-ulosonic acid (Kdo) and L-glycero-D-manno-heptopyranose (Hep). The inner core OS backbone structure can be further substituted with nonstoichiometric substitutions which vary depending on the core OS type. In Escherichia coli and Salmonella, these substitutions include rhamnose (Rha), galactose (Gal), glucosamine (GlcN), N-acetylglucosamine (GlcNAc), Kdo, phosphate and phosphorylethanolamine (PEtN) residues (Fig. 2 ). The outer core shows more diversity and consists of glycose residues, differing in the specific sugar residues and the linkages between them. It is primarily Fig. 1 . The structure of the core OS and the genetic organization of the core OS biosynthetic cluster for E. coli K-12. (A) Structure of the E. coli K-12 core OS. 88, 89 Dashed arrows indicate non-stoichiometric substitutions. Dotted lines identify the known or predicted genetic determinants involved in the indicated linkages. Some of the functions have been determined in other core OS types and their roles in E. coli K-12 are predicted based on similar core OS structures and high levels of conservation in the predicted gene products. (B) The waa cluster from E. coli K-12. 44 Genes involved in inner core backbone synthesis and decorations of the inner core are shown in light grey and genes responsible for outer core synthesis are shown in white. Genes of unknown function are highlighted in black, and waaL, involved in O-PS ligation to the core OS, is in dark gray.
Fig. 2.
The inner core OS structure of the E. coli and S. enterica core types. [88] [89] [90] 95 Non-stoichiometric substitutions are designated by dotted arrows and the distinguishing modifications of different core types are indicated in parentheses. Dashed lines indicate the genes known or predicted to be involved in the indicated linkage. E. coli K-12 strains lack O-PS due to one or more mutations in the O-PS biosynthetic genetic locus, 110, 111 but it can serve as an acceptor for heterologous cloned genes. differences in outer core structure that define the five core types in E. coli (K-12, R1-R4), and the two in Salmonella (S. enterica sv. Typhimurium and S. enterica sv. Arizonae IIIA). The most prevalent clinical E. coli isolates contain the R1 core type [2] [3] [4] and the R3 core type has been associated with verotoxigenic E. coli, regardless of the serogroup. 5, 6 These observations may reflect the acquisition of specific virulence traits in an ancestral strain with a particular core OS type, rather than a specific requirement for the core OS structure in pathogenesis.
In Klebsiella spp., the inner core OS resembles that of E. coli and Salmonella and only one outer core OS structure is currently known. 7, 8 The core OS structure in the Yersiniae is also based on a conserved inner core region, although the complete structures are diverse. 9, 10 Unlike other species of Yersinia, the LPS of Y. pestis is rough, lacking O-PS and can also be referred to as lipooligosaccharide (LOS). Y. pestis does have an O-PS biosynthetic gene cluster; however, several genes in the cluster have been inactivated. 11, 12 The structure of the LOS of Y. pestis is highly heterogeneous, showing differential substitution of KdoI with either Kdo or Ko (D-glycero-Dtalo-oct-2-ulosonic acid) and modification of HepIII with either Gal or D,D-Hep (Fig. 3A ). 13 In contrast, the structure of Y. enterocolitica O:3 has a recognizable outer core OS ( Fig. 3B ). 14 The LPS molecules present on the cell surface do not reflect a static structure, but can be modified in order to maintain a stable OM structure in response to changing environmental signals. This is particularly true in organisms like Salmonella that have complex lifestyles and can replicate both extracellularly and intracellularly and, therefore, need to adapt to significantly different conditions. The PhoP/PhoQ two component regulatory system is responsible for the activation of over 40 genes involved in Salmonella virulence, 15 some of which are involved in lipid A modification, in response to low levels of Mg 2+ and Ca 2+ , conditions that would be encountered in an intracellular environment. 16, 17 The PmrA/PmrB two component system responds to high concentrations of Fe 3+ , 18 in addition to being indirectly activated by PhoP/PhoQ through the activity of PmrD. [19] [20] [21] The genes activated by PmrA/PmrB are involved in resistance to polycationic peptides, such as polymyxin B (PMB) by adding PEtN and 4-aminoarabinose (Ara4N) to lipid A. 18, 22, 23 These modifications are thought to reduce the overall LPS net LPS inner core OS structure and OM stability in members of the Enterobacteriaceae 135 13 The terminal non-stoichiometric β-GlcNAc residue has been proposed to represent the first sugar of the ancestral O-PS and may not be a true component of the core OS region. 105 (B) Structure of the Y. enterocolitica serotype O:3 core OS region. 14, 112 The attachment point for O-PS has not been unequivocally determined. negative charge by masking the phosphate residues, therefore reducing the electrostatic interactions between PMB and the OM. Several other excellent reviews have addressed in detail the substitutions present on lipid A and these will not be discussed in any detail here. 1, 17, [24] [25] [26] [27] [28] Lipid A modifications are primarily involved in survival in environments low in divalent cations, in providing resistance to cationic peptides and growth at low temperatures. It is apparent that the inner core OS also plays a critical role in OM stability and this review will focus on our knowledge so far on the biosynthesis and importance of nonstoichiometric substitutions of the inner core OS region.
Genetics and biosynthesis of the core oligosaccharide backbone in the Enterobacteriaceae
The genetics and biosynthesis of the core OS region have now been well established for several organisms (reviewed by Raetz and Whitfield 1 ). Discussion of core OS genetics and biosynthesis in this review will focus on E. coli and Salmonella, since it has been best characterized in these organisms. The core OS biosynthesis locus has been studied in K. pneumoniae [29] [30] [31] [32] [33] where the essential features of inner core OS backbone synthesis are the same as E. coli and Salmonella. The Serratia marcescens core OS biosynthesis locus contains many of the same genes. 34 In Y. enterocolitica O:3, a chromosomal region has been identified that may contain the genes involved in inner core OS biosynthesis, although the genes have not been characterized. 35 The outer core of Y. enterocolitica O:3 appears to be an ancestral O-PS gene cluster forming a hexasaccharide and the gene cluster involved has been identified and characterized. 36 In E. coli K-12, the genes responsible for core OS biosynthesis are located in the waa (formerly rfa) locus between cysE and pyrE at 3,792,010 to 3,807,840 bp on the chromosome (Accession number NC_000913). The core OS biosynthesis gene cluster is divided into three operons identified by the first gene in each transcriptional unit (Fig. 1 ). The hldD (formerly gmhD) operon is involved in inner core biosynthesis and consists of at least 3 genes depending on the core OS type: hldD, waaF and waaC ( Fig. 1 ). HldD is an ADP-L-glycero-Dmanno-heptose epimerase and catalyzes the last step of the biosynthesis of the activated sugar nucleotide precursor for Hep addition to the core OS. 37 Genes required for outer core biosynthesis, as well as those involved in the modification or decoration of the inner core are encoded by the long central operon, waaQ (Fig. 1 ). The gene content of the waaQ operon varies in gene content according to the variations in core type and core substitutions. The waaA operon contains the gene encoding the bifunctional Kdo transferase waaA (formerly kdtA). The genetic organization of the waa locus is generally conserved between the different E. coli, Salmonella and Shigella core types and the key genes are evident in K. pneumoniae 29 although the organization of the locus differs ( Fig. 4) .
The attachment of two Kdo residues to a lipid IV A acceptor by WaaA is the first step in the biosynthesis of the inner core. 38 Once Kdo has been added, complete acylation of lipid IV A occurs and the remaining core OS is then assembled on the lipid A-Kdo 2 acceptor at the inner face of the cytoplasmic membrane. The waaC and waaF gene products are responsible for the transfer of HepI and HepII, respectively. These three enzyme reactions have been established by biochemical data. 30, [38] [39] [40] [41] [42] [43] Assembly of the outer core OS backbone then occurs by sequential transfer of sugars to lipid A-inner core. Assignment of functions for many of the glycosyltransferases that mediate these additions has been done by sequence homology and by relationships to known core structures. 1, 44 
Core OS negative charge and its role in outer membrane stability
The deep-rough phenotype in E. coli and Salmonella
The negative charges provided by the phosphate residues in the Hep region of E. coli and Salmonella (Fig. 1 ) play an important role in maintaining the barrier function of the OM by providing sites for cross-linking of adjacent LPS molecules with divalent cations or polyamines (reviewed elsewhere 1, 27, 45 ). In addition, the negative charges are important in mediating interactions between LPS and the positive charges on OM proteins (OMPs). 46, 47 Mutants with highly truncated core OS structures lacking the inner core Hep region display a pleiotropic phenotype known as the deep-rough phenotype, characterized by changes in structure and composition of the OM making it more permeable (reviewed elsewhere 27, 44, 45, 48 ). In E. coli and Salmonella, these mutants show a decrease in the amount of OMPs and a corresponding increase in phospholipids. These mutants are also hypersensitive to hydrophobic compounds, due to the appearance of phospholipids in the outer leaflet of the OM which may facilitate rapid penetration of these compounds through the phospholipid bilayer regions of the membrane. Other characteristics of deep-rough mutants seen in E. coli include the release of periplasmic enzymes, the loss cell surface organelles (e.g. pili and flagella), secretion of an inactive form of hemolysin, and increased susceptibility to polymorphonuclear leukocyte lysosomal fractions and phagocytosis by macrophages (reviewed elsewhere 1, 27, 44, 45, 48 ). In addition, there is an up-regulation of colanic acid production due to induction of the RcsC/YojN/RcsB phosphorelay system. 48, 49 The RcsC/YojN/RcsB activating signal is unknown, but it is related to OM perturbations. [50] [51] [52] [53] Recently, it has been shown that the Rcs system is also connected to the PhoP/PhoQ signaling system to co-ordinate regulation of cell surface properties to levels of extracellular divalent cations. 54 A recent study showed that a heptose-less mutant of E. coli induced translation of RpoS, the general stress response σ-factor. 55 This provides the first evidence linking inner core OS mutants with induction of the stress-response pathway. One difficulty in relating some of these phenotypes to LPS structure is the fact that the original findings were based on severely truncated LPS molecules with unknown genetic defects, rather than precise mutations.
Core OS phosphorylation
The genes involved in core OS phosphorylation have been identified and well characterized in E. coli. The waaP gene has been shown to be the LPS kinase transferring a phosphate residue onto the HepI residue of the inner core. 56 Its activity has also been verified in vitro using E. coli waaP mutant LPS as the acceptor and ATP as the substrate. 57 Addition of a phosphate residue by WaaP is required for the addition of the HepIII residue in the inner core OS by WaaQ, which in turn is required for the addition of the phosphate residue on HepII by WaaY. 58 This also appears to occur in a similar manner in Salmonella. 59 The LPS molecule can be completed in the absence of these additions and it is, therefore, not clear at what stage of normal biosynthesis they are added. Since the modifications occur in a sequential order WaaPQY, a waaP mutation lacks both phosphate residues on HepI and HepII. A waaP mutant was, therefore, used to determine the role that the phosphate residues in the Hep region play in outer membrane stability. Critically, an E. coli waaP mutant showed hypersensitivity to hydrophobic compounds, indicative of a deep-rough phenotype. A waaY mutant that still retains the phosphate on HepI only showed a minor increase in sensitivity. However, another characteristic of the deep-rough phenotype is the loss of OM proteins and preliminary analysis of the OMP profile of a waaP mutant indicates that there is no difference in the amount of the major OM porins (OmpF, OmpC and OmpA), but that there are changes in the amounts of minor unidentified OM proteins. More detailed analyses of the OM proteins of the waaP mutant are required to determine fully the effect this mutation has on its OMP profile.
The S. enterica sv. Typhimurium waaP mutant also showed a hypersensitivity to hydrophobic compounds and a complete attenuation of virulence in a mouse model, even though it produced a full-length core OS molecule capped with O-PS. 59 Interestingly, a S. enterica waaP mutant also showed an increase in sensitivity to the polycationic peptide PMB. The mechanism by which cationic peptides interact with bacterial membranes and LPS inner core OS structure and OM stability in members of the Enterobacteriaceae 137 the method by which they exert their bactericidal effects is complex. Strong electrostatic interactions have been reported between polycationic peptides and polyanionic membrane components, such as the negatively charged phospholipids and especially LPS molecules (reviewed by Wiese et al. 60 ). The anionic groups (carboxyl groups or phosphate residues) present on LPS are important in PMB binding to LPS. Ara4N and ethanolamine substitutions on lipid A and in the core OS region neutralize the cell-surface negative charge and reduce the surface charge density to decrease PMB binding (reviewed elsewhere 1, [24] [25] [26] 28 ). Some data also implicate hydrophobic interactions in the binding of PMB to LPS. 61 Even though the net negative charge in the core OS of S. enterica waaP has decreased due to the loss of phosphate residues and substitution with Ara4N, the strain showed increased sensitivity to PMB. 59 This may indicate that PMB binding to the OM in deep-rough mutants by means of hydrophobic interactions may outweigh the benefits gained by a decrease in net negative charge. 59 WaaP is not confined to the Enterobacteriaceae. In Pseudomonas aeruginosa, it also phosphorylates HepI [62] [63] [64] and its effect is even more critical, since P. aeruginosa waaP mutants are not viable under normal laboratory culture methods.
Phosphorylethanolamine substitutions
Non-stoichiometric PEtN residues can be found on the KdoII in the inner core OS region E. coli and Salmonella, as well as linked to a phosphate residue to form pyrophosphorylethanolamine (PPEtN) on HepI. Preliminary evidence from isotope tracer experiments 65 indicates that the substrate for PEtN addition to LPS is the phospholipid phosphatidylethanolamine, but the role of PEtN substitutions has not been established. The core OS of some strains of Neisseria gonhorroeae, which are naturally hypersensitive to hydrophobic compounds, are substituted only with PEtN and PPEtN and lack phosphate residues. 48,66-68 EtN residues presumably preclude the phosphate-mediated cross-linking which prevents the penetration of hydrophobic compounds. 48 The amount of PEtN present on lipid A and in the core OS region was found to be increased in a PMB-resistant mutant of S. enterica sv. Typhimurium 69, 70 and in E. coli mutants. 71 PEtN additions to lipid A are regulated by PhoP/PhoQ and PmrA/PmrB, but the presence of PPEtN on HepI is constitutive. A heptose-less E. coli waaC-waaF mutant WBB06 was found to have a high amount of PEtN substitution on KdoII (Fig. 1) . 72 WBB06 displayed a growth defect, unless the growth media was supplemented with high amounts of CaCl 2 . 72 It was later shown that the presence of the PEtN substitution on WBB06 was only found when the strain was grown in CaCl 2 -supplemented media, and, therefore, that the PEtN transferase was Ca 2+inducible. 73 The actual PEtN transferase was not identified, but its activity was detected in the membrane fraction of E. coli strains grown in media supplemented with CaCl 2 . This was the first report of a regulated covalent modification of the core OS region, but the regulatory mechanism involved is not known. Since PEtN addition to KdoII is not affected by Mg 2+ levels, PhoP/PhoQ is not thought to be involved. The role this substitution plays in the biology of the organism is unknown. It is possible that it is important in resistance to certain environmental stresses, such as survival in serum that contains millimolar amounts of Ca 2+ , and it may be involved in mediating competence during DNA transformation.
The addition of PPEtN residues to HepI in E. coli and Salmonella is most likely due to the action of two enzymes. WaaP is the kinase responsible for the addition of a phosphate group 56, 74 and then another (unidentified) transferase would be responsible for the further non-stoichiometric addition of a PEtN group.
The first PEtN transferase identified was Lpt-3 from Neisseria meningitidis that is required for PEtN addition to HepII of the inner core OS region of N. meningitidis LPS. 75 Homology searches using Lpt-3 have been used to identify a family of proteins involved in PEtN addition to LPS that are present in a wide range of Gramnegative bacteria, including E. coli and Salmonella. 76 In a BLAST search of the Salmonella genome, four open reading frames were identified with similarity to Lpt-3 that could have PEtN transferase activity. 77 One of these gene products (PmrC) functions in the addition of PEtN to lipid A and is involved in PMB resistance. Mutational analysis of additional Salmonella and E. coli lpt-3 homologs will likely lead to the identification of the PEtN transferase responsible for PEtN addition to KdoII and to the Hep regions in these organisms.
Variation on a theme -the importance of GalUA residues in K. pneumoniae One major feature distinguishing the K. pneumoniae core OS from those of E. coli and Salmonella, is the absence of phosphoryl substitutions (Fig. 4) . However, the core OS of K. pneumoniae contains several galacturonic acid (GalUA) residues whose carboxyl groups may serve as an alternative source of negative charge required for OM stability. Interestingly, bacteria identified so far lacking phosphate residues in their core OS region are environmental isolates, as is the case with K. pneumoniae. 78 It has been proposed that having GalUA residues instead of phosphoryl substitutions may give these organisms an ecological advantage in habitats that are low in phosphate and low in the divalent cations involved in cross-linking adjacent LPS molecules, since carboxyl groups become more easily protonated, decreasing the repulsion between LPS molecules. 27 A K. pneumoniae mutant lacking the GalUA transferase WabG (Fig. 4) shows sensitivity to some hydrophobic compounds. 32 In order to determine unequivocally the role that the GalUA residues play in OM stability, a gla mutant was created in K. pneumoniae that lacked all GalUA residues from the core OS (GalUA in the outer core as well as the non-stoichiometric substitutions in the inner core; see Fig. 4 ). This was achieved by targeting UDP-GalUA precursor synthesis. UDP-glucuronic acid (GlcUA) is converted to UDP-GalUA by a UDP-GalUA C4-epimerase (Gla). The mutant displayed characteristics of a deep-rough phenotype, exhibiting a hypersensitivity to hydrophobic compounds and PMB comparable to a waaP mutant in E. coli and Salmonella, as well as an altered outer membrane profile. These characteristics were not seen in another mutant (in the wabH gene) that differs only in the presence of the main chain and non-stoichiometric GalUA. Interestingly, the OM profile of the gla mutant showed a decrease in the amount of two substrate-specific OM channels and an increase in intensity of other proteins (E. Frirdich, E. Vinogradov and C. Whitfield, unpublished results). One of these corresponded to a homolog of the N. meningitidis Omp85 protein that is likely to be involved in the assembly of OMPs. [79] [80] [81] In a separate study, a K. pneumoniae gla (named uge by the authors) mutant was unable to colonize the rat urinary tract and was avirulent in a murine septicemia and pneumonia experimental model. 82 However, this phenotype cannot be directly attributed to a deep-rough phenotype, since a gla mutant results in a truncated core OS and is also devoid of capsular polysaccharides; both polysaccharides are well established virulence determinants in K. pneumoniae.
Outer membrane stability in the Yersiniae
The OM of pathogenic Y. enterocolitica strains was found to be insensitive to EDTA treatment, suggesting that cross-linking of adjacent LPS molecules by divalent cations may not be as important in determining OM permeability in this organism, as it is in E. coli. 83 It has been proposed that non-ionic interactions between core OS molecules may substitute for the divalent cation bridging. 84 Interestingly, in comparison to the OM of E. coli, the OM of Y. enterocolitica is more resistant to polycationic peptides, but more sensitive to hydrophobic compounds. 83, 84 Different Yersinia species also show varying degrees of sensitivity to polycationic peptides and hydrophobic compounds. In general, resistance to polycationic peptides increases with the degree of invasiveness, with the highest resistance in the intracellular pathogen Y. pestis, intermediate resistance in Y. pseudotuberculosis, and the lowest resistance in Y. pseudotuberculosis. 85 The opposite trend was seen in regards to sensitivity to hydrophobic compounds, with an increase in resistance to hydrophobic compounds in the less pathogenic strains. 86 This has been attributed to differences in the lipid A acylation pattern, affecting LPS acyl chain fluidity and packing which correlates with changes in OM permeability. However, the contribution of the core OS has not been examined and it is conceivable that the lack of negatively charged residues in the core OS region of Y. pestis (Fig. 3A) and Y. pseudotuberculosis contributes to the increased OM permeability in these two species. In contrast, Y. enterocolitica does contain core phosphate residues (Fig. 3B) . Moreover, resistance to polycationic peptides and OM permeability in pathogenic (but not environmental) isolates of Y. enterocolitica were found to be regulated by growth at 37°C and conditions that trigger the expression of virulence proteins, such as pH, low Ca 2+ levels, and eukaryotic cell contact. 83, 84 These changes were found to be mediated by alterations in the lipid A acylation pattern and acyl chain fluidity and resulted in an OM with characteristics resembling that of Y. pestis and Y. enterocolitica. 84 It is possible that an impermeable OM is an important factor in determining the ability of Yersinia to invade host tissues, therefore playing a significant role in the pathogenesis of this organism.
Y. enterocolitica O:3 is the only member of the Yersinia genus for which specific core OS residues have been identified that are important in maintaining OM stability. Ligated to the inner core OS region of Y. enterocolitica O:3 is a branched hexasaccharide known as the outer core (Fig. 3B) , as well as the O-PS. 36 The outer core OS is thought to be an ancestral O-PS synthesized by a Wzy-dependent pathway. 36, 87 In order to assess the biological role of the outer core region, mutants were created that were truncated in the outer core region, while retaining O-PS. 83 The Y. enterocolitica O:3 outer core mutants were found to be more sensitive to hydrophobic compounds and polycationic peptides, although no differences in OM protein profiles were seen. It was suggested that the role of the outer core region in resistance to polycationic peptides was not due to a decrease in net negative charge, but rather was a consequence of steric hindrance resulting from its size, composition, and position as a side-branch of the inner core. 83 In addition, the outer core mutants showed a decrease in virulence in a mouse model, highlighting the importance of this region in Y. enterocolitica pathogenesis. 83
Glycose substitutions of the inner core OS

Substitutions of KdoII: the addition of rhamnose, galactose and KdoIII
In E. coli K-12 strain W3100, KdoII can be non-stoichiometrically substituted with α-1,5-Rha and α-2,4-KdoIII (Fig. 2 ). 88 Substitution with Rha only occurs if KdoIII is present. 89 Other commonly used E. coli K-12 strains (e.g. AB1133) lack the Rha substituent, 88 but the basis for this difference has not yet been examined. It may be due to the inability of these strains to produce the dTDP-Rha sugar nucleotide precursor required for Rha addition. The waaS gene and the Rha addition are unique to E. coli K-12. 44, 88 Preliminary evidence indicates that WaaS is the rhamnosyltransferase involved in Rha addition (E. Frirdich, B. Lindner, O. Holst and C. Whitfield, unpublished results). In E. coli R2, the wabA gene and the α-1,7-Gal addition are unique (Fig. 2) . 44 The involvement of WabA in Gal addition to KdoII is likely, but has not been shown conclusively, due to difficulties in structural analyses of wabA mutant LPS that lacks a residue that is normally only present in small amounts (D. Heinrichs, E. Frirdich, O. Holst, and C. Whitfield, unpublished results).
The α-2,4-KdoIII residue is non-stoichiometrically added to the KdoII residue in the inner core OS regions of S. enterica sv. Typhimurium and E. coli core types K-12 and R2 (Fig. 2 ). 88 The waaZ gene is also common to the waa gene cluster of these core types and is absent in those that lack a KdoIII substitution. Overexpression of the waaZ gene in E. coli R1 (that lacks waaZ and KdoIII 90 ) produces truncated core OS structures that now contain a KdoIII residue. 91 WaaZ is likely the KdoIII transferase, although this could not be directly shown in in vitro assays, perhaps because the appropriate acceptor is not known. Re-examination of the core OS structure of E. coli K-12 showed that all core OS molecules containing a KdoIII residue were truncated, lacking 2 outer core residues. 89 This indicates that the presence of KdoIII (likely due to WaaZ activity) controls the amount of full-length core OS available, thus affecting the amount of core OS available for O-PS ligation. Changes in the amount of O-PS ligated to the cell surface could influence virulence (through altered complement resistance).
Interestingly, glycose modifications on KdoII are absent in isolates with the R1 core type found in the more virulent extra-intestinal pathogens and with the R3 core type associated with verotoxigenic E. coli. [4] [5] [6] The R2 and K-12 core types containing these substitutions are confined to commensual E. coli. These non-stoichiometric inner core OS substitutions must play a role in the biology of E. coli and Salmonella, as they have been conserved throughout the evolution of these organisms. However, it is more difficult to determine what this role is.
Heptose modification: glycose addition onto HepIII
The HepIII residues in E. coli core types R1 and R3 are non-stoichiometrically substituted by an α-1,7-GlcN (Fig. 2) . 90, [92] [93] [94] [95] The GlcN residue in R3 is only present in the absence of the phosphate residue on HepII. 92, 93, 95, 96 There was some uncertainty in the literature as to whether the GlcN residue in R3 could also be partially N-acetylated 92, 93 or was an α-1,7-GlcNAc residue and not a GlcN. 97 The phosphorylated core oligosaccharides used for recent structural analysis of the core OS backbone of E. coli F653 (the prototype strain for the R3 core type) involved de-O-acylation with mild hydrazinolysis followed by alkaline de-N-acylation. 95 Unfortunately, these treatments would remove acetyl groups. 98 E. coli J-5 is a rough mutant of E. coli O111:B4 (R3 core type) and contains an α-1,7-GlcN substitution on HepIII, rather than an α-1,7-GlcNAc. 94, 96 Further examination of the E. coli F653 de-O-acylated LPS structure by electrospray ionization Fourier transform-mass spectrometry of de-O-acylated LPS showed that the HepIII substitution was a GlcN residue similar to E. coli J-5 (S. Müller-Loennies, B. Lindner, and H. Brade, unpublished observations).
The transferase (WabB) responsible for the addition of the α-1,7-GlcN residue in E. coli R3 (published as an α-1,7-GlcNAc transferase) was recently identified by our laboratory. 97 Overexpression of WabA produced LPS molecules with an increased amount of α-1,7-GlcNAc residue on HepIII, not GlcN. In addition, in vitro glycosyltransferase assays with cell lysates from strains overexpressing WabA incorporated [ 14 C]-GlcNAc from UDP-[ 14 C]-GlcNAc into acceptor LPS. It would appear from these data that WabA is a GlcNAc transferase responsible for the addition of an α-1,7-GlcNAc residue on HepIII of the inner core. Analysis of a presumed outer core OS GlcN transferase, WabH from K. pneumoniae (Fig. 4) , showed that the enzyme could use UDP-GlcNAc as a substrate in vitro. 33 The sugar nucleotide precursor required for GlcN addition in bacterial polysaccharides has not yet been identified and it has been suggested that UDP-GlcNAc may serve as the activated precursor for GlcN addition and then an unidentified deacetylase would be involved in removing the N-acetyl group, 33 as is the case in lipid A biosynthesis. The wabB gene is not encoded by the waa locus; instead, the gene is found in the ecf operon (also known as the shf locus) of the pO157 virulence plasmid of E. coli O157 strains 97, 99 and Shigella. 100, 101 The operon contains 4 genes: ecf1 and ecf3 are putative bacterial cell surface-associated genes, ecf2 (wabB) is the GlcN transferase and ecf4 (renamed MsbB2) is a lipid A myristoyltransferase. 102, 103 The ecf operon in E. coli was found to be thermoregulated by intrinsically curved DNA and is thought to be transcriptionally activated at lower temperatures (at 24°C compared to 37°C). 102 These genes are likely involved in altering the cell surface under different environmental conditions and are required for full virulence in Shigella 104 and E. coli. 103 
Regulated modifications in Y. pestis LOS
The oligosaccharide structure of Y. pestis LOS varies with growth temperature and also shows intraspecies diversity. 105 At 37°C, the predominant oligosaccharide expressed by Y. pestis ssp. pestis contained terminal D,D-Hep and Kdo residues, while at 25°C all possible permutations with terminal D,D-Hep/Gal and Kdo/Ko were identified ( Fig. 3 A) . 105 Y. pestis ssp. caucasia differs from Y. pestis ssp. pestis in that it has a reduced host range; it has reduced virulence in guinea pigs and is not a significant cause of human disease. 106 This could be explained by differences in its LOS, as Y. pestis ssp. caucasia does not produce D,D-Hep oligosaccharides. An increase of growth temperature from 25°C to 37°C also resulted in a decrease in Gal-containing oligosaccharides and a change from Ko to Kdo substitutions in this species.
The PhoP/PhoQ two component system was identified in Y. pestis. 107 In contrast to the situation in Salmonella 16 and Pseudomonas aeruginosa, 108 PhoP/PhoQ had no affect on the lipid A region of Y. pestis. Instead, substitution of the Y. pestis LOS appeared to be under control of the PhoP/PhoQ. A phoP mutant of Y. pestis grown at 28°C only contained oligosaccharides with terminal D,D-Hep residues, while wild-type Y. pestis produces several oligosaccharides species, some with terminal D,D-Hep residues and others with a terminal Gal. 109 The Kdo/Ko substitution pattern was unaffected in the phoP mutant. 109 The enzymes involved in the biosynthesis of the Y. pestis LOS and the basis for differences in modification pattern remains to be determined. The biological significance of these LOS substitutions has also still to be elucidated. However, it is possible that they may have a role in mediating resistance to polycationic peptides, since the phoP mutant that lacks Gal-containing oligosaccharides at 28°C showed an increase in sensitivity to several peptides, including PMB. 109 
CONCLUSIONS
The importance of core OS negative charge in OM stability is now well established. We are now beginning to understand the biosynthesis of non-stoichiometric glycose substitutions that lead to core OS heterogeneity. This progress is due to a combined genetic and biochemical approach and to the development of advanced structural analysis techniques that can be used to examine the structure of the various oligosaccharides in an LPS preparation even if they are present in small quantities. Research now needs to focus on examining the role of these substitutions in the biology of these organisms and the factors that influence addition of these residues in response to environmental cues.
